Abstract Photocatalysis can be a useful tool in the treatment of some recalcitrant and toxic pollutants. In fact, it is being applied today in several industrial processes. However some problems arise in the modelling of photocatalytic systems, most of them related to the radiation field. In this work, some methods are presented which can be powerful tools in the evaluation of the radiation absorbed by the photocatalyst, which is the energy really useful in promoting the photocatalytic process. All these methods are based on actinometric procedures carried out in different experimental conditions and using different photoreactors.
Introduction
Heterogeneous photocatalysis has been intensively studied in the last decades as a promising technology in the treatment of wastewaters. Although great efforts have been made, there are still some striking problems. One of the most relevant is the inclusion of radiation into kinetic models. The main difficulty is to evaluate the useful radiation absorbed by the photocatalyst and to relate it to the degradation of the pollutants. It is especially complicated due to the difficulty of the prediction of the scattering of light into the system. Therefore, radiation absorbed (F abs ) cannot be estimated by traditional physical equations so experimental methods are necessary to evaluate it. Although some authors have already attempted to solve this problem (Augugliaro et al., 1991; Brandi et al., 1998) , still more research is necessary in order to understand the role of light and the interaction with the photocatalyst. In this work some methods in these directions are presented. They are based on actinometric experiments, which allow finding the photon flow entering into the system. Using a special reactor, the scattered light bythe photocatalyst chosen (TiO 2 ) can be measured and, therefore, F abs titania can be calculated.
Experimental Actinometries
All the experiments were carried out by using the actinometric solution formed by 0.05 M of oxalic acid (99.5%, Panreac) and 0.01 M of uranyl nitrate (98%, Panreac). This actinometer has been widely used and, when light arrived at the actinometric solution, oxalic acid was degraded (Rabek, 1982; Curcó et al., 1996a) . The disappearance of oxalic acid can be followed by titration with potassium permanganate (.99%, Panreac), and from these data, it was possible to know the entering photon flow, as described in the previous literature (Rabek, 1982; Curcó et al., 1996a) .
In all the experimental systems tested, experiments were carried out by using only the actinometric solution in order to evaluate the radiation entering. Once it was determined, experiments adding TiO 2 (Degussa P25) to the actinometric solution were done, and the degradation of oxalic acid by light was also followed as described before.
Titania concentration varied between 0 and 2 g/L. The stability of the actinometric solution in the presence of TiO 2 was followed by spectrophotometric measurements.
Experimental devices and procedure
All the experiments were carried out in a Solarbox, from CO.FO.ME.GRA, already described (Curcó et al., 1996b (Curcó et al., , 2002 Giménez et al., 1997; Esplugas et al., 2002) . The source of radiation was a Xenon lamp (Philips XOF-15-OF, 1500W), with a spectrum very close to the solar one in the UV range. It was placed in the upper part of the Solarbox, in the axis of the parabolic mirrors. Three different reactors were used: tubular reactor (R1), jacketed tubular reactor (R2) and flat reactor (R3).
The tubular reactor (R1) was made of quartz (26 cm length and 1.95 cm inner diameter) and was located in the axis of two parabolic mirrors as already described in previous papers (Bayarri et al., 2005; Rodríguez et al., 2005) . The actinometric solution (containing the TiO 2 suspension, if it was the case) was recirculated to the reactor from a reservoir tank where temperature was controlled by means of a thermostatic bath (Bayarri et al., 2005; Rodríguez et al., 2005) . In these conditions, there was a competition for the entering radiation between uranyl and TiO 2 . Although it is not possible to determine the exact amount of radiation absorbed by TiO 2 , it relates the influence of the amount of TiO 2 loaded with the light absorption. The main advantage of this kind of system is that it can be applied to any system in the same conditions (geometry, flow-rate, volume, etc.).
The same installation and procedure was used for the jacketed tubular reactor (R2). Only the reactor was changed. This reactor was also made of quartz and formed by two concentrical chambers with tubular geometry. The inner reactor (26 cm length and 1.95 cm inner diameter) was filled with the TiO 2 suspension in the study for different concentrations of catalyst. In the outer jacket (26 cm length and 2.95 cm outer diameter), the actinometric solution was circulated as described in the case of reactor R1. Owing to the narrow dimensions of the jacket (0.5 cm), part of the light crossed through the actinometric solution and arrived at the TiO 2 suspension. A part was absorbed and the rest was reflected or transmitted to the jacket again. Therefore, this scattered light could be measured. With this system it was possible to study the light absorbed by TiO 2 as a function of the amount of TiO 2 loaded, the pollutant used or the pH.
A third series of experiments was made using a flat cylindrical reactor (6.88 cm height and 5.54 cm diameter) filled with a suspension of TiO 2 in actinometric solution. In this case, the system runs in batch mode as previously described (Curcó et al., 1996b (Curcó et al., , 2002 Giménez et al., 1997; Esplugas et al., 2002) . The reactor was located in the Solarbox, and perfect mixing flow was assured by using a magnetic stirrer. By means of optical filters, the wavelength of the radiation supplied to the system was modified. Therefore, it was possible to study the effect of wavelength (l) in the TiO 2 absorption. Six different filters were used, from Schott, references WG 305, WG 320, WG 350, GG 385, GG 420 and GG 435, being the number of the reference the cutting wavelength.
Results and discussion
In reactor R3, experiments were carried out, as stated, at seven different wavelength ranges by using six different radiation filters (the last experimental series were carried out without filters). For each wavelength, two different kinds of experiments were made. In the first case only an actinometric solution was placed into the reactor. In the second case, titania (0.5 g/L) was added to the actinometric solution. The results obtained can be observed in Figure 1 . As can be seen, when only actinometer was used, the radiation measured is the same in all the cases because actinometer allows the estimation of the radiation arriving to the photoreactor just before the filters. However, when titania was added, the value of radiation absorbed by uranyl decreases due to the competition with titania for the radiation absorbed and, therefore, lower radiation is apparently arriving at the system. It can also be observed that radiation absorbed by titania decreases when wavelength increases and it reaches a minimum value for wavelengths higher than 390-400 nm, because, as known, this value corresponds to the limit of the semiconductor bandgap.
From the data shown in Figure 1 , the light absorption by the catalyst can be calculated in a more accurate way by using the cells' method, already described in previous papers (Curcó et al., 2002) . In this model, the system (photoreactor) is divided into cells, and it is considered that there is only a particle in each cell. Assuming that h is the length of each cell, this parameter will be related to the TiO 2 concentration and the particles' diameter. In this way, the probability of absorption of one photon in the cell occupying the position i can be calculated as (Curcó et al., 2002) :
where F ur abs ðiÞ l is the radiation absorbed by uranil in a cell "i" of length h, Fo l is the entering photon flow into the system at l wavelength (estimated from the experiments without TiO 2 ), a is the average absorbance of uranil in the part of the spectrum considered and P abs is the probability of a photon of average wavelength l to impact on a catalyst particle (or agglomerate) in a cell "i" and be absorbed.
All the parameters in equation 1 are known except P abs . Therefore, P abs was varied until a value was found which produced a theoretical degradation of oxalic equal to that predicted from the experimental reaction rate. The results obtained are shown in Figure 2 .
As it can be observed in Figure 2 , in the given system, P abs decreases from low wavelengths until it becomes practically zero for l higher than 400 nm, as can be expected according to the absorption properties reported by other authors (Cabrera et al., 1996) .
The results obtained in reactor R2 are presented in the Figure 3 . In order to establish further comparisons, the results have been standardised by dividing the photon flow absorbed by the titania (F abs titania ) by the total radiation entering the system (Fo). It can be observed that radiation absorbed by the actinometer (uranyl-oxalic) decreases when the catalyst concentration increases. In contrast, the radiation absorbed by titania increases when its concentration does, reaching a plateau around 0.5 g/L, probably because the system was saturated and no more light could go into the suspension. In this case, due to the location of the actinometer in the external chamber of the reactor, concentrically to the internal one, where titania suspension is located., the radiation absorbed by titania can be calculated as the difference between the radiation absorbed by the actinometer (when there is no titania in the reactor) and the radiation absorbed by the actinometer at each titania concentration. This is because the actinometer can trap the radiation arriving at the reactor, the radiation passing through titania suspension and also the radiation backscattered by titania, according to the particular geometry of this photoreactor.
In addition, in Figure 3 , the data obtained in reactor R1 are also depicted. In this case, the radiation absorbed by titania has been calculated in the same way described for reactor R2. However, it is only an approximate value because, in this case, the actinometer and titania particles are together in the same reaction chamber. Thus, it cannot be ensured that all the radiation scattered by titania can be absorbed by the actinometer. It is remarkable that the trend in R1 is similar to R2, but radiation absorbed by the catalyst continues to increase for titania concentrations higher than 0.5 g/L. Nevertheless, it would be expected to find a lower absorption in R1 than in R2, since in the first case TiO 2 is in an absorbing environment which competes directly for the radiation. This finding can be explained as a consequence of two main factors. Firstly, in R1 radiation out-scattered is considered as absorbed by TiO 2 , and for the highest catalyst concentrations this value can be important. Secondly, and maybe the most important, in R2, the radiation arriving to the inner reactor has been "filtered" by the actinometer in the outer reactor. Therefore, the light incoming in the TiO 2 suspension contains a greater fraction of long wavelengths, which is less absorbed by the TiO 2 , producing a lower total amount of F abs titania .
In any case, the methods have proved to be sensitive enough for the requirements demanded. In order to get a fully developed method to characterise any reactor easily from a radiation point of view, further research has to be done. The next step is to obtain more information from the three systems and find a model which can relate the results obtained in a system with uranyl-TiO 2 with a more traditional system like wastewater -TiO 2 . Regarding this point, some efforts are being made to establish a model similar to the one presented in this work, which could satisfy this purpose.
Conclusions
Three actinometric methods have been tested in order to study the role of radiation in the photocatalytic process. All of them have proved to be useful and sensitive enough.
The second two methods presented show the interaction between the amount of TiO 2 loaded and the entering radiation. Both methods show similar trends and how the system, for c p higher than 0.5 g TiO 2 /L, became saturated. It was found that the value for the radiation absorbed by TiO 2 in R1 was larger than the equivalent in R2, probably due to differences in the spectrum arriving at the system and out-scattering losses. The third method (R3) allowed corroboration of the absorption spectrum of TiO 2 found in the literature until an approximated value of 400 nm was reached. It was defined and a parameter (P abs ) was estimated which considers the probability for a photon of wavelength l to be absorbed by an agglomerate of TiO 2 . This characteristic parameter, with the rest of the results presented, can be very useful in developing a complete model which explains the behaviour of the system taking into account the effect of light and not being dependent on the photon flow or geometry of the system.
